Protein-tyrosine phosphorylation plays a significant role in multiple cellular functions in bacteria. Bacterial tyrosine phosphatases catalyse the dephosphorylation of tyrosyl-phosphorylated proteins. Myxococcus xanthus PhpA shares homology with DNA polymerase and histidinol phosphatase family members. Recombinant His-tagged PhpA requires Mn 2+ or Co 2+ for phosphatase activity, and shows strict specificity for phosphorylated tyrosine residues. The k m values of PhpA for p-nitrophenyl phosphate (pNPP) and phosphotyrosine peptide, RRLIEDAEpYAARG, were 803 and 139 mM, respectively. The phosphatase activity of PhpA was inhibited by sodium orthovanadate with a k i of 33 mM. phpA gene expression was observed under both vegetative and developmental conditions, but peaked during late fruiting body formation. A phpA mutant exhibited an elevated level of tyrosine phosphorylation of a 79 kDa protein and cytoplasmic tyrosine kinase, BtkA. In M. xanthus, exopolysaccharide (EPS) is essential for cellcell adhesion and fruiting body formation. phpA mutant cells exhibited enhanced capacity for cellcell agglutination in agglutination buffer. Under starvation conditions, phpA mutation caused early aggregation and sporulation. The EPS production assay showed that the phpA mutant produced an increased amount of EPS in comparison with the wild-type. These results indicate that PhpA may negatively regulate the production of EPS in M. xanthus.
INTRODUCTION
Protein phosphorylation on tyrosine residues in bacteria is mediated by protein tyrosine kinases (Grangeasse et al., 2007) . The presence of bacterial tyrosine (BY) kinases has been proven in several bacterial species (Shi et al., 2010) . These BY kinases share no sequence homology with protein tyrosine kinases in eukaryotes. BY kinases from Gramnegative bacteria are usually large membrane-spanning multi-domain proteins composed of an N-terminal periplasmic region and a C-terminal cytosolic tyrosine kinase domain (Doublet et al., 2002) . In Gram-positive bacteria, these BY kinases are often split into two distinct proteins, a periplasmic domain and a cytoplasmic protein kinase. The two proteins are encoded by genes that are usually located next to each other, and both are required for phosphorylation. BY kinases have been shown to be mainly involved in the regulation of extracellular polysaccharide synthesis and assembly. Recently, BY kinases have been found to phosphorylate heat-shock sigma and antisigma factors and single-stranded DNA-binding proteins (Bechet et al., 2009; Shi et al., 2010) , suggesting that BY kinases are also involved in the heat shock response and DNA metabolism.
Protein-tyrosine phosphatases (PTPs) catalyse the removal of a phosphate group attached to a tyrosine residue. In bacteria, most tyrosine phosphatases belong to the cysteinebased low-molecular-mass phosphotyrosine phosphatase (LMPTP) family (Vincent et al., 1999) or polymerase and histidinol phosphatase (PHP) family (Aravind & Koonin, 1998) . LMPTPs and PHPs have completely different structures (Hagelueken et al., 2009; Kim et al., 2011) . LMPTPs characteristically function via a conserved cysteine residue that serves as a nucleophile. In Gram-negative bacteria, LMPTPs are involved in the regulation of important physiological functions, including stress resistance and synthesis of the polysaccharide capsule (Vincent et al., 1999) . PHPs have been mostly found in Gram-positive bacteria, and PHPs are divalent metal ion-dependent phosphotyrosine phosphatases. The active site of both YwqE and CpsB, which belong to the PHP family, contains a cluster of three metal ions binding to phosphate (Kim et al., 2011) .
Myxococcus xanthus is a Gram-negative soil bacterium that undergoes multicellular development upon nutrient starvation (Whitworth, 2007; Velicer & Vos, 2009 ). This bacterium possesses two motility systems, the adventurous (A-motility) and social (S-motility) systems (Hodgkin & Kaiser, 1979a, b) . S-motility requires lipopolysaccharide Oantigen and two prominent surface structures: polarlocalized type IV pili and peritrichous extracellular matrix polysaccharides (Bowden & Kaplan, 1998; Wu & Kaiser, 1995) . Upon starvation at high density on a solid surface, M. xanthus cells glide to aggregation centres, where they construct a multicellular structure called a fruiting body in which about 100 000 rod-shaped cells differentiate into environmentally resistant spherical myxospores. We previously reported that a cytosolic BY kinase (Gram-positive type), BtkA, of M. xanthus is required for the formation of mature spores, because a btkA mutant was unable to complete maturation to heat-and sonication-resistant spores under both starvation-and glycerol-induced developmental conditions (Kimura et al., 2011) . A survey of the M. xanthus genome database indicated the presence of a PTP (MXAN_ 4427) named PhpA, which has amino acid homology with members of the PHP family. In this study, we investigated the enzymic characterization of PhpA and the functional role of PhpA in M. xanthus.
METHODS
Expression and purification of recombinant PhpA. The phpA gene was amplified by PCR using two primers (59-GAAGGTAGGCA-TATGAGCGGCTTTGTCGACCTGC-39 and 59-GACAAGCTTGAA-TTCTATACCGTCAGTCCGGGTCGGAC-39). The amplified DNA fragment was cloned into an expression vector, pCold (TaKaRa Bio.). Protein expression in transformed Escherichia coli cells was induced by incubation at 15 uC for 24 h. Crude protein extracts were prepared by removing cellular debris generated by cell lysis, which was achieved using sonication. PhpA was purified by affinity chromatography on a Talon CellThru column (Clontech).
Assay of protein phosphatase activity. The protein phosphatase activity of PhpA was measured by using p-nitrophenyl phosphate (pNPP) or phosphotyrosine peptide, RRLIEDAEpYAARG, as a substrate. The phosphatase activity assays using pNPP as the substrate were performed in a total volume of 25 ml containing 100 mM glycine-NaOH (pH 9.0), 50 mM pNPP, 1 mM MnCl 2 , 1 mM CoCl 2 and 10 pmol PhpA at 55 uC. The reaction was stopped by addition of 50 ml 3 M NaOH. The release of p-nitrophenol (pNP) was determined spectrophotometrically at 415 nm in a 96-well plate reader. Control reactions containing no enzyme were included to measure the background level of pNP. When phosphatase activity was determined by using phosphotyrosine peptide, the reaction was performed in 25 ml assay buffer containing 20 mM Tris/HCl (pH 8.0), 0.1 mM RRLIEDAEpYAARG, 1 mM MnCl 2 and 1 mM CoCl 2 . The amount of phosphate released was detected using the Malachite green assay kit (Enzo Life Sciences). After addition of the Biomol Green reagent, the absorbance of each well was read at 630 nm in a 96-well plate reader.
To determine the kinetic parameters k m and k cat for the substrate, phosphatase activities were measured at pNPP or tyrosine phosphopeptide concentrations ranging from 0.1 to 20 mM or 30 to 500 mM, respectively. For the kinetic parameter k m for Mn 2+ and Co
2+
, the pNPP concentration was fixed at 10 mM and the Mn 2+ or Co 2+ concentration was varied from 0.01 to 2 mM or 0.1 to 1 mM, respectively. k m and V max values were determined using the HanesWoolf linearization method. Protein concentrations were measured by using the Bradford method (Bradford, 1976) .
To confirm that PhpA dephosphorylates phosphorylated BtkA or MXAN_1025, which is here called BtkB, BtkA and a C-terminal cytoplasmic domain of BtkB were expressed in E. coli and then purified. BtkA and trigger factor-tagged Exo (TF-Exo) (0.5 mg of each) were incubated with 5 mM [c-
32
P]ATP, 5 mM MgCl 2 , 1 mM DTT and 50 mM Tris/HCl (pH 8.0) for 1 h at 37 uC (Kimura et al., 2011) . Also, 1.5 mg trigger factor-tagged cytoplasmic domain of BtkB was incubated under the same conditions. Radiolabelled proteins were separated from [c-32 P]ATP using a centrifugal concentrator, and washed three times with 50 mM Tris/HCl (pH 8.0). Phospho-BtkA and TF-Exo or phospho-BtkB was incubated with PhpA in the presence of 1 mM MnCl 2 for 1 h at 37 uC. The reaction mixture was loaded on an SDS-PAGE gel, and radioactive bands were visualized with a BAS 1600 phosphorimager (Fuji Film).
Construction of phpA disruption mutant. First, a 1.9 kb fragment containing the phpA gene was amplified by PCR with the primers 59-ACTAGTGGATCCCCCCGCGTACTCCAGGCCTGGAATGTCC-39 and 59-CGATTCCTGCAGCCCCAGCGCCGTGTAGAGGAAGAAGA-GC-39. The PCR product was ligated into vector pBluescript SK. This plasmid was designated pBPHP. A kanamycin resistance gene was inserted into the SmaI sites of pBPHP. The disrupted gene constructed as described above was amplified by PCR with the above primers. The PCR products thus obtained were introduced into M. xanthus by electroporation (Plamann et al., 1992) .
Developmental assays. M. xanthus FB (IFO13542) wild-type and phpA mutant strains were grown in CYE medium up to 1610 9 c.f.u. ml 21 and washed in TM buffer (10 mM Tris/HCl, pH 7.5, and 8 mM MgSO 4 ). Aliquots (10 ml) of cell suspension (1610 7 c.f.u.) were spotted on the surface of a clone fruiting (CF) agar plate (Hagen et al., 1978) . The plates were incubated at 28 uC for 2-7 days. The fruiting bodies were harvested in TM buffer and sonicated for 1 min using a Branson sonifier. After incubation for 15 min at 60 uC, the number of viable spores was quantified by plating on CTT agar plates. For glycerol induction of spore formation, cells were harvested at the mid-exponential phase of growth and washed with CYE medium. Glycerol was added to a final concentration of 0.5 M, and cells were shaken at 28 uC for 1.5-24 h (Dworkin & Gibson, 1964) . Undifferentiated cells were killed by sonication for 1 min and by incubation at 50 uC for 15 min, and viable spores were determined by plating out serial dilutions on CTT agar plates.
Western blot analysis of crude extracts using phosphotyrosine antibody. Cells were grown in CYE medium and harvested in the exponential growth phase and stationary phase. Also, developmental cells were prepared on CF agar plates or in CYE medium containing 0.5 M glycerol. Approximately 2610 7 c.f.u. were dissolved in SDS sample buffer, and denatured proteins were separated by SDS-PAGE. Proteins were then transferred to PVDF membranes for Western blotting. Non-specific binding to membranes was blocked overnight with 1 % BSA in Tris-buffered saline plus Tween (TBS-T) (10 mM Tris/HCl, pH 7.5, 100 mM NaCl and 0.1 % Tween 20). Blots were incubated in TBS-T solution containing horseradish peroxidase-conjugated anti-phosphotyrosine PY20 (Santa Cruz Biotechnology), and then washed three times with TBS-T solution. Blots were developed by using an enhanced chemiluminescence kit (GE healthcare).
Analysis of cellular cohesion. The agglutination assay described by Wu et al. (1997) was used to determine the cellular cohesion of wildtype and mutant strains. Cells in the exponential phase were harvested, washed with aggregation buffer (10 mM MOPS, pH 7.0, 1 mM CaCl 2 and 1 mM MgCl 2 ) and resuspended to approximately 3610 8 c.f.u. ml 21 in aggregation buffer; the optical density at 600 nm was recorded every 5 min for a total of 3 h.
Quantitative reverse transcriptase PCR (qRT-PCR) assay. The timing and level of expression of the phpA gene were determined by qRT-PCR analysis. Total RNA was isolated from cells in exponential and stationary phase and during cell development at 24, 48 and 72 h, and then treated with DNase. cDNA was synthesized from the RNA samples (each 0.8 mg) using PrimeScript II RTase (TaKaRa Bio.), and PCR was performed with Kapa SYBR Fast qPCR master mix (KAPABiosystems), primers (59-CTCGACGATGCCTTCCTG-39 and 59-CGGATGCGGA-AGAGGATG-39) and synthesized cDNA using the ABI 7300 real-time cycler. Standard curves were made at 10 6 and 10 7 pColdphpA plasmid copies ml
21
. The mRNA level of a downstream gene (MXAN_4426) was also determined by qRT-PCR analysis using the primers (59-ATGACGTCCGTGGTGCTG-39 and 59-GCGAACATC-AGCCACGAG-39). A control without reverse transcriptase was performed in order to detect residual contaminating genomic DNA.
Congo red and trypan blue binding assays. Cells in the exponential (8610 8 c.f.u. ml
) and stationary (4610 9 c.f.u. ml
) phase in CYE medium were used for the assays. Cells were harvested, washed and resuspended to approximately 5610 8 c.f.u. ml 21 in TM buffer. A total of 360 ml cell suspension was mixed with 40 ml of a dye stock solution (150 mg ml 21 for Congo red and 100 mg ml 21 for trypan blue). Control samples containing each dye in TM buffer only were included. The binding assay was performed as described by Black & Yang (2004) .
Polysaccharide measurement. Cells grown in CYE medium were harvested in the exponential and stationary phases, washed three times with distilled water, and then sonicated without glass beads three times for 1 min each. Cells were also starved on CF agar and harvested at 48 and 96 h. The cells were sonicated with glass beads five times for 1 min each. The supernatant and pellet were separated by centrifugation three times at 10 000 g for 10 min. The pellet was washed three times with distilled water. The sugar contents of the pellet suspension were determined at 490 nm by using the phenol-sulfuric acid method, with glucose as the standard (DuBois et al., 1956) .
RESULTS

Comparative sequence analysis of PhpA
The ORF of MXAN_4427, designated phpA, encodes a protein of 243 amino acids with a calculated molecular mass of 26.2 kDa. BLASTP analysis showed that PhpA is a member of the PHP superfamily. PhpA shared 28, 24, 23, 28, . Reaction mixtures contained 10 pmol PhpA, 100 mM glycine/NaOH buffer, pH 9.0, 50 mM pNPP, 1 mM MnCl 2 , 1 mM CoCl 2 and 0-3 mM ZnCl 2 . Reactions were performed in triplicate; error bars represent SD.
22 and 22 % amino acid identity with YwqE from Bacillus subtilis (Mijakovic et al., 2005) , EpsC from Lactococcus lactis (Dabour & LaPointe, 2005) , Cap8C from Staphylococcus aureus (Cozzone et al., 2004) , Wzb from Lactobacillus rhamnosus (LaPointe et al., 2008) , CpsB from Streptococcus pneumonia (Morona et al., 2002) and EpsB from Streptococcus thermophilus (Minic et al., 2007) , respectively (Fig. S1 , available with the online version of this paper). Four conserved motifs of the PHP domain that contain invariant histidine and aspartate residues were also found in PhpA. Histidine residues are proposed to be involved in the binding of divalent metal ions. Mijakovic et al. (2005) reported that the conserved histidine and aspartate residues of each domain in B. subtilis YwqE are important for its phosphatase activity. The conserved motif, C(X) 5 R of PTPs, and the consensus sequences, GDXHG(X) n -GDXVDRG(X) n -GNHE of phosphoprotein phosphatases, and R(X)3D(X) n -DGXXG (X) n -DG(X) n -GXXDN of metal-dependent protein phosphatases were not found in PhpA (Shi, 2009 ).
Enzymic characterization of PhpA
PhpA, with an N-terminal hexahistidine tag produced in the soluble fraction in E. coli, was purified using affinity column chromatography. The purified PhpA protein was analysed by SDS-PAGE, which revealed a single band corresponding to a molecular mass of 29.4 kDa (Fig. 1a) . The value obtained by SDS-PAGE corresponded well with the molecular mass calculated from the predicted amino acid sequence of His-tagged PhpA (28.1 kDa).
Purified recombinant PhpA was assayed for protein phosphatase activity. PHPs are divalent metal ion-dependent enzymes, and the phosphatase activities of PHPs are stimulated by various metal ions (Morona et al., 2002; Hagelueken et al., 2009 (Fig. 1b-d) . At Mn 2+ or Co 2+ concentrations higher than 10 mM, PhpA activity was decreased by~40 % or~80 %, respectively (Fig. 1b) . The k m values of PhpA for Mn 2+ and Co 2+ with pNPP substrate were 110±8 and 239±8 mM, respectively (Fig. 1c, d ). As shown in Table 1 (Table 1) , and the IC 50 value for inhibition of PhpA activity was 0.20±0.01 mM (Fig. 1e) . The optimum temperatures for PhpA phosphatase activity against pNPP and phosphotyrosine peptide were 60 and 65 u C, respectively. PhpA retained 87 % of its activity after incubation at 60 u C for 2 h. The optimal pH for the activity of PhpA against pNPP was pH 9.0 using 100 mM glycineNaOH buffer. The activity in 100 mM Tris/HCl buffer was lower than that in 100 mM glycine buffer; however, PhpA activity against phosphotyrosine peptide was strongly reduced by 100 mM glycine buffer (pH 9.0) (data not shown). The optimal pH for phosphopeptide dephosphorylation was pH 8.0 in 20 mM Tris/HCl buffer.
PhpA showed robust dephosphorylation activity toward phosphotyrosine peptide, but no measurable activity was detected with the phosphoserine-containing peptide, RKRpSRAE, and phosphothreonine-containing peptide, RRApTVA. The specific activity of PhpA against 100 mM RRLIEDAEpYAARG was 0.11 mmol min 21 (mg protein)
21
.
The k m for pNPP was 803±46 mM at pH 9.0 with a V max of 1.42±0.00 mmol min 21 (mg protein) 21 at 55 u C, while the k m for phosphopeptide was 139±5 nM and V max of 0.16±0.07 mmol min 21 (mg protein) 21 (Fig. 2a, b) . The k cat values of PhpA for pNPP and phosphopeptide were 36.4±0.1 min 21 and 4.26±0.27 min
, respectively. The k m and k cat values for pNPP were about 2-and 28-fold, respectively, higher than those of B. subtilis YwqE (Mijakovic et al., 2005) .
Inhibitors for phosphatase activity of PhpA
Sodium orthovanadate (Na 3 VO 4 ) is a commonly used general inhibitor of PTPs, most likely acting as a phosphate Tyrosine protein phosphatase of M. xanthus analogue (Huyer et al., 1997) . Sodium orthovanadate, at 1 mM, inhibited phosphatase activity by 77±4 %, and similarly, ammonium metavanadate (NH 4 VO 3 ) at 1 mM inhibited phosphatase activity by 70±10 % against pNPP (Fig. 2c) . The k i value of PhpA for sodium orthovanadate was 32.8±3.9 mM (Fig. 2d) . No significant inhibition of activity was observed in the presence of serine/threonine phosphatase inhibitors, sodium fluoride and N-ethylmaleimide at 1 mM (Kamibayashi et al., 1991; Jaumot & Hancock, 2001) , and Cys-based PTP (including LMPTP) inhibitor, iodoacetamide, at 1 mM (Mijakovic et al., 2005) . Also, the serine/threonine phosphatase inhibitors okadaic acid (20 mM) and cyclosporin A (0.2 mM) (Bialojan & Takai, 1988) did not inhibit PhpA activity (data not shown). These results suggested that PhpA may have a different catalytic mechanism from those of Cys-based PTPs and serine/threonine phosphatases. The effect of inhibitors on PhpA activity was similar to that of B. subtilis YwqE (Mijakovic et al., 2005) .
Expression of PhpA in M. xanthus cells
qRT-PCR analysis using cycle threshold values showed that the expression levels of the phpA gene gradually increased during development (Fig. 3) . The relative cDNA quantities at 24 and 48 h were 34.0±0.2 % and 80.9±1.5 %, respectively, of that at 72 h (defined as 100±4.6 %). The phpA gene was also expressed during exponential and stationary phases, and the relative cDNA quantity was 29.0±0.5 % and 31.4±4.0 %, respectively, relative to that at 72 h of development. The phpA gene forms an operon with two genes (MXAN_4428 and 4426) for hypothetical proteins. We also confirmed that a gene (MXAN_4426) located downstream of phpA was transcribed at similar levels in the wild-type and a phpA Km r insertion mutant (data not shown), suggesting that the phenotypes of the phpA mutant were not due to polar effects.
Tyrosine-phosphorylated proteins in wild-type and phpA mutant cells
Tyrosine-phosphorylated proteins in wild-type and phpA mutant cells during the growth phase and starvation development were detected by SDS-PAGE and Western blotting using anti-phosphotyrosine antibody (PY20) (Fig.  4a) . In wild-type cells, a band at 79 kDa was mainly detected in the exponential and stationary phases, and a band at 26 kDa was detected in the fruiting formation (Copeland, 1996) . Error bars indicate SEM. phase (72 h). Previously, we indicated that the 26 kDa phosphorylated protein is a Gram-positive-type bacterial tyrosine kinase, BtkA (Kimura et al., 2011) . We can also say that the 79 kDa phosphorylated protein is a Gramnegative-type bacterial tyrosine kinase (MXAN_1025; BtkB) because the 79 kDa tyrosine-phosphorylated protein was not expressed in btkB mutant strain cells (Kimura et al., 2012) . When protein extracts from the phpA mutant were analysed by Western blots with PY20, the level of phosphorylation of the 79 kDa protein did not decrease during development. These results suggest that the 79 kDa phosphorylated protein was dephosphorylated by PhpA and decreased during the fruiting formation phase.
As shown in Fig. 4(b) , 26 and 27.5 kDa tyrosine phosphorylated proteins in wild-type protein extract were observed after 1.5 h of induction by 0.5 M glycerol, and disappeared after 24 h of incubation. The 27.5 kDa phosphorylated protein may be phosphorylated by BtkB (Kimura et al., 2011) . The levels of immunodetectable proteins were higher in the mutant extracts than in the wild-type extracts. Taken together, these results indicated that PhpA may dephosphorylate 79 kDa tyrosine phosphorylated protein (BtkB) and the 26 kDa tyrosine phosphorylated BtkA.
To confirm that PhpA dephosphorylates phospho-BtkA or phospho-BtkB, autophosphorylated recombinant BtkA or the cytoplasmic domain of BtkB was incubated with PhpA. As shown in Fig. 4(c) , PhpA was able to dephosphorylate phospho-BtkA and phospho-BtkB in vitro.
Phenotype of the phpA mutant
Growth and motility phenotypes. When phpA mutant cells were grown with shaking in nutrient medium (CYE medium), the mutant cells formed clumps; however, no significant difference in growth of the wild-type and phpA mutant was observed at optimal (30 u C) and high (37 u C) temperatures when growth was monitored by measuring the OD 600 after vortex mixing (data not shown).
M. xanthus cells glide on solid surfaces using two motility machineries, type IV pili (S-engine) and adventurous (A)-engine. These bacterial cells periodically reverse the direction of their movement by switching the polarity of the Aand S-engines at a frequency that is modulated by the Frz chemosensory system (Zusman et al., 2007) . Similar to the wild-type strain, the phpA mutant cells on 1.5 % agar had a rough colony edge with both single cells and rafts of cells, suggesting that the mutant demonstrated both A-and Smotility (data not shown). When observed on CF agar, the phpA mutant strain showed a slightly shorter reversal period (3.1±0.2 min) than the wild-type (4.6±0.3 min).
Developmental phenotype. Cells grown in CYE medium to 5610 9 c.f.u. ml 21 were spotted onto a clone-fruiting (CF) agar plate. phpA mutant aggregated earlier than the wild-type FB strain and formed fruiting bodies as early as 40 h, whereas the wild-type strain did not form until 72 h. A number of viable spores were then examined after sonication and heat treatment. As shown in Fig. 5(a) , phpA mutation also caused early sporulation. Heat-and sonication-resistant spores of the phpA mutant were formed more than 24 h earlier than with the wild-type, and the number of phpA mutant spores at 72 h was about 50-fold higher than that of wild-type spores; however, the final yield of viable spores for the phpA mutant after 7 days was similar to that of the wildtype strain.
Glycerol-induced sporulation was examined by adding glycerol to a final concentration of 0.5 M to vegetative CYE cultures of wild-type and phpA mutant strains. In glycerolinduced sporulation, cellular differentiation proceeded without the formation of fruiting bodies, and spores were observed after 1 h induction. As shown in Fig. 5(b) , the phpA mutant formed mature spores slightly faster than the wild-type strain.
Exopolysaccharide (EPS) analysis. M. xanthus EPS is required for cell-cell agglutination, which is observed when cells in suspension bind to each other and precipitate at the bottom of a cuvette. In agglutination buffer, phpA mutant cells agglutinated more rapidly than wild-type cells and had almost completely precipitated after 40 min incubation (Fig. 6a) . Wild-type cells began to agglutinate after 30 min incubation and were precipitated within 120 min. The results indicated that the phpA mutant may have a higher amount of EPS.
EPS production was analysed quantitatively by the binding of two separate dyes, Congo red and trypan blue, in ) and stationary phase cells (4610 9 c.f.u. ml
21
) in CYE medium were used for the assays, and the percentage of dye bound by cells was determined. As shown in Table 2 , wild-type cells in exponential and stationary phases bound 26.4±4.8 and 76.9±3.4 % Congo red and 19.7±0.0 and 25.3±0.1 % trypan blue, respectively, while phpA mutant cells in exponential and stationary phases bound more Congo red and trypan blue than wild-type strain cells. These data suggest that the phpA mutant overproduced EPS. We also determined the amount of EPS from broken cell pellets. Both growing cells and developing cells of the phpA mutant contained a higher (113-156 %) level of carbohydrate than wild-type cell pellets (defined as 100 %) (Fig. 6b) . This result further demonstrated the possibility that PhpA negatively regulates the production of EPS in M. xanthus cells.
DISCUSSION
M. xanthus cells are covered by an extracellular matrix comprised of approximately equal amounts (by weight) of protein and polysaccharide (Behmlander & Dworkin, 1994) . In M. xanthus, EPS has been shown to be essential for Smotility, cell-cell adhesion and fruiting body formation. Also, M. xanthus spores contain inner and outer membranes, and are covered by EPS.
BY kinases are involved in polysaccharide biosynthesis. E. coli Wzc and B. subtilis PtkA were found to phosphorylate UDP-sugar dehydrogenases or glycosyltransferases, which catalyse the formation of precursors for the biosynthesis of polysaccharide Mijakovic et al., 2003) . Phosphorylation increases their activity and stimulates the formation of precursors for polysaccharide production. On the other hand, tyrosine phosphatases are required for dephosphorylation of autophosphorylated BY kinases, and they also play an important role in the production of EPS. In E. coli, the phosphorylation of tyrosine residues in the Wzc CPS C terminus is essential for high-molecular-mass CPS assembly, and overexpression of Wzb CPS (phosphatase) in a wild-type background caused a decrease in the amount of cell-associated CPS (Paiment et al., 2002) . Also, Morona et al. (2006) suggested that S. pneumoniae strains with an inactive phosphotyrosineprotein phosphatase, CpsB, attached substantially more CPS to their cell wall.
M. xanthus PhpA has amino acid sequence homology with members of the PHP family. PHPs are divalent metal iondependent enzymes, and PhpA also required Mn 2+ or Co 2+ for its activity. The PhpA showed strict specificity for phosphorylated tyrosine residues, and the PhpA activity was insensitive to inhibitors of serine/threonine phosphatases and Cys-based PTPs, suggesting that PhpA possesses enzymic properties similar to PHPs (Mijakovic et al., 2005) . Western blot analysis and phosphatase assay revealed that PhpA dephosphorylates a 76 kDa phosphorylated protein (BtkB) and a phosphorylated BtkA. BtkB is a Gram-negative-type tyrosine kinase (MXAN_1025) with two transmembrane a-helices separating the N-terminal periplasmic and C-terminal cytoplasmic domains. A btkB mutant showed a decrease in EPS production, and the mutant cells formed fruiting bodies and spores about 24 h later than the wild-type strain (Kimura et al., 2012) . Also, we previously demonstrated that BtkA is a cytoplasmic BY kinase and is required for the formation of mature spores (Kimura et al., 2011) . BtkA requires Exo (MXAN_3227), which is a homologue of the chain-length determinant family protein, for BtkA tyrosine phosphorylation. Exponential (E) and stationary phase (S) cells and developing cells harvested from CF agar plates at 48 h (D48) and 96 h (D96) were sonicated, and the pellet was separated by centrifugation. The sugar content of the pellet suspension was determined by using the phenol-sulfuric acid method. export spore coat material. When btkA mutant starvationinduced spores were broken by sonication, the mutant cell pellets contained less (70 %) carbohydrate than wild-type cell pellets (defined as 100 %) (Kimura et al., 2011) .
In this study, the M. xanthus phpA mutant exhibited an increased ability to bind Congo red and trypan blue, and agglutinated more rapidly than the wild-type. In addition, the phpA mutant contained a higher level of EPS than the wild-type. These results suggested that inactivation of PhpA causes an increase in EPS production. Under starvation conditions, the phpA mutant formed mounds and fruiting bodies about 1 day earlier than the wild-type strain. Since growing phpA mutant cells overproduced EPS, and phosphorylated BtkA and BtkB in the phpA mutant were not dephosphorylated by PhpA, phpA mutant cells may be able to form fruiting bodies and mature spores about 1 day earlier than the wild-type strain.
In M. xanthus, phosphorylation and dephosphorylation among Dif chemosensory proteins are essential for the regulation of EPS production (Black et al., 2010) . Also, many other proteins are likely to play minor regulatory roles in M. xanthus EPS production (Berleman et al., 2011; Black et al., 2006; Dana & Shimkets, 1993; Kimura et al., 2004; Petters et al., 2012; Weimer et al., 1998) . BY kinases have been found to phosphorylate heat shock sigma factors and single-stranded DNA-binding proteins other than enzymes involved in the synthesis of EPS. To understand the regulation of EPS production by tyrosine phosphorylation, further work is needed to determine the substrates of two bacterial tyrosine kinases of M. xanthus, BtkA and BtkB, in vivo. In addition, M. xanthus has a homologue (MXAN_0575) of LMPTP. The function of LMPTP in the production of EPS remains to be investigated.
